The laboratory synthesis of the oxygen-evolving complex (OEC) of photosystem II has been the objective of synthetic chemists since the early 1970s. However, the absence of structural information on the OEC has hampered these efforts. Crystallographic reports on photosystem II that have been appearing at ever-improving resolution over the past ten years have finally provided invaluable structural information on the OEC and show that it comprises a [Mn 3 CaO 4 ] distorted cubane, to which is attached a fourth, external Mn atom, and the whole unit attached to polypeptides primarily by aspartate and glutamate carboxylate groups. Such a heterometallic Mn/Ca cubane with an additional metal attached to it has been unknown in the literature. This paper reports the laboratory synthesis of such an asymmetric cubane-containing compound with a bound external metal atom, [Mn IV 3 Ca 2 O 4 ðO 2 CBu t Þ 8 ðBu t CO 2 HÞ 4 (1)] . All peripheral ligands are carboxylate or carboxylic acid groups. Variable-temperature magnetic susceptibility data have established 1 to possess an S ¼ 9∕2 ground state. EPR spectroscopy confirms this, and the Davies electron nuclear double resonance data reveal similar hyperfine couplings to those of other Mn IV species, including the OEC S 2 state. Comparison of the X-ray absorption data with those for the OEC reveal 1 to possess structural parameters that make it a close structural model of the asymmetric-cubane OEC unit. This geometric and electronic structural correspondence opens up a new front in the multidisciplinary study of the properties and function of this important biological unit.
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crystal structure | magnetic properties | spectroscopic properties P hotosystem II (PSII) is a multicomponent assembly of proteins and cofactors that is located in the thylakoid membrane of plants, algae, and cyanobacteria. It carries out the sunlightdriven oxidation of water to O 2 , the generated protons driving ATP synthase and the electrons providing the reducing equivalents that ultimately lead to carbon dioxide fixation. The oxidation of water is an energetically demanding process, but the development approximately 2.7 billion years ago of a catalytic system capable of carrying it out efficiently made available as a raw material the vast quantities of water on the planet. The site of water oxidation to O 2 is the oxygen-evolving complex (OEC), and the determination of its structure has been the focus of much study by various biochemical and spectroscopic techniques. X-ray absorption spectroscopy (XAS), including extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge spectroscopy (XANES), have been invaluable tools in assessing possible metal topologies and distances between atoms that compose the OEC. These studies, along with those by EPR spectroscopy, have allowed for the description of Mn oxidation states at each of the S states (S n , where n ¼ 0-4) of the Kok cycle. Many groups have employed such spectroscopic data to guide their efforts toward the preparation of inorganic model complexes of the OEC, the goal being to improve our understanding of its structure and properties and ultimately to mimic its water oxidation function (1, 2) . However, the absence of well-defined target structures has made this endeavor very challenging.
Following earlier X-ray studies at 3.8- (3) (6) or via both external and cubane oxide ions (7, 8) . The moderate resolution of the crystallographic data and modification of the redox active Mn site by the X-ray beam (9) did not allow the precise structure of the Mn 4 Ca cluster to be determined even when the resolution was improved to 2.9 Å (10). However, the recent structure at 1.9-Å resolution of PSII from Thermosynechococcus vulcanus by Umena et al. (11) has provided strong support for the suggestion by Barber and coworkers (5, 6) of a distorted cubane within the core, with the fourth Mn attached via both external and cubane oxo ions. Although biochemical studies had previously shown Ca to be essential for OEC activity, and X-ray spectroscopy had established the presence of an oxo-bridged Mn 4 Ca heteronuclear cluster, these crystallographic data reenergized efforts to achieve the synthesis of the OEC in the laboratory. Several Mn∕Ca compounds are now known (12) (13) (14) (15) , but there is only one complex that has approached the cubane moiety of the OEC structure (16) . We here report the development of methodology for synthesizing in the absence of a protein milieu the [Mn 3 CaO 4 ] cubane with an external metal attached to it. The compound described here is a highly accurate synthetic model of the OEC metallocore, as gauged by comparisons of magnetic and spectroscopic data with those on the OEC, and opens up a front in the multidisciplinary study of the properties and function of this important biological site.
Results and Discussions
After extensive experimentation, the following procedure has been developed that takes advantage of readily available reagents. (18) . The lowering of symmetry also has an effect, but to a lesser extent, on the Mn⋯Ca1 distances [3. 4539 (10) 2A and 2C are to be expected given the greater distance uncertainties in the crystal structure of a large PSII multicomponent assembly, structural perturbations caused by the polypeptide environment, and the fact that the OEC in the PSII crystal structure will be at the S 1 Kok state, or lower, and thus at least one of the cubane Mn atoms will be Mn III , leading to slightly longer bond distances on average. Radiation modification of the Mn 4 Ca center by about 25% can be estimated (19) from the X-ray dose reported by Umena and coworkers (11) , which will lead to longer Mnligand, Mn-Mn, and Mn-Ca distances. and Mn⋯Ca at approximately 3.4 Å. Further support for including a Mn⋯Ca at approximately 3.4 Å comes from Sr EXAFS studies on PSII in which the calcium was replaced with strontium.
In that work, four Mn⋯SrðCaÞ distances in the 3.4-3.9 Å range were detected (23) . These Mn⋯Mn and Mn⋯Ca distances are known to change during the S-state cycle. Fig. 4 shows the comparison of the Mn and Ca EXAFS of the OEC in the S 1 state with Mn 3 Ca 2 complex 1. The comparison of the Mn EXAFS in Fig. 4A shows that there are similarities in the beat pattern but there are many differences in the phase, frequencies, and intensity of the spectral features. The corresponding FT in Fig. 4B shows that there is substantial similarity in the features, except for the difference in the intensity of the FT peak at approximately 1.8-2.0 Å-i.e., from Mn-ligand distances. The similarity in the FT peak at 2.7-2.8 Å is due to the presence of three Mn⋯Mn distances at 2.7-2.8 Å in both the OEC and complex 1. Magnetic Susceptibility Studies. To determine the ground state spin (S) of 1, magnetic susceptibility (χ M ) data were collected for a microcrystalline sample in the 5.0-300 K range in a 0.10-T field and are plotted as χ M T vs. T in Fig. 5A . The increasing χ M T with decreasing T indicates dominant ferromagnetic coupling in the molecule, and the low-temperature data indicate an S ¼ 9∕2 ground state. To obtain the Mn⋯Mn exchange interactions, the data were fit to an isosceles model employing two exchange parameters J and J 0 , where J 0 is the unique Mn2⋯Mn3 interaction. The Heisenberg-Dirac-van Vleck spin Hamiltonian (H) for an isosceles triangle of isotropic Mn 4þ (t 2g 3 ) ions is given by
where the subscripts refer to the Mn atom numbering of Fig. 2 and
The eigenvalues of this spin Hamiltonian are given by
obtained analytically by using the Kambe method (24) with the substitutionsŜ A ¼Ŝ 2 þŜ 3 andŜ T ¼Ŝ 1 þŜ A , whereŜ T is the to- (25) to derive the theoretical χ M T vs. T equation, which was used to fit the experimental data (solid line in Fig. 5A ) to give J ¼ þ40.5ð1.1Þ cm −1 , J 0 ¼ −10.8ð7Þ cm −1 , and g ¼ 1.960ð2Þ, with a contribution from temperature-independent paramagnetism held constant at 300 × 10 −6 cm 3 mol −1 . The molecule has a j9∕2;3i ground state, with all Mn IV spins aligned parallel (Fig. 5A, Inset) and a j7∕2;2i first excited state 56.7 cm −1 above the ground state. J > 0 and J 0 < 0 represent competing interactions within a triangular unit, but the jJj ≫ jJ 0 j situation overcomes the antiferromagnetic J 0 leading to parallel spin alignments.
Such strong ferromagnetic coupling between Mn IV Mn IV pairs is extremely rare and is assigned to the acute Mn1-O-Mn2 and Mn1-O-Mn3 angles [92.11 (11) (26) . Because the exchange couplings are competing, the S T energies as a function of the J∕J 0 ratio were calculated and are presented in Fig. 5B for J > 0 and J 0 < 0. The J∕J 0 ¼ −3.75 for 1 is well within the S T ¼ 9∕2 ground state region, but three other states with progressively smaller S T values would become the ground state as the J∕J 0 ratio decreases, which would require relatively small angle changes. This decrease would lead ultimately to the j3∕2;0i ground state when jJj ≪ jJ 0 j and the ferromagnetic J is frustrated. Fig. 5B thus reveals how accessible alternative ground states could be with relatively small structural perturbations.
EPR Spectroscopy. The low-temperature EPR spectrum of complex 1 is complicated because of the zero-field splitting (ZFS) of the five Kramers doublets of the S T ¼ 9∕2 spin system (Fig. 6) . The effective ZFS constants (jDj ¼ 0.068 cm −1 , E ¼ 0.0052 cm −1 ) were determined by simultaneously fitting spectra acquired at the X (9.375 GHz) and Q bands (34.188 GHz). Additional splittings from the hyperfine interactions (HFI) of the three 55 Mn (I ¼ 5∕2) nuclei are obscured in the inhomogeneously broadened EPR line. These 55 Mn HFI were probed by using Davies electron nuclear double resonance (ENDOR), and the spectrum collected at 1,144.2 mT (SI Appendix, Fig. S5 ) reveals eight peaks in the 0-200 MHz frequency range. The relative peak intensities change as the field is varied because of each experiment being resonant to a different degree with some of the overlapping EPR transitions (see SI Appendix, Fig. S5 ). For each 55 Mn nucleus, a set of two ENDOR peaks centered at A Ã m S and split by twice the Larmor frequency [e.g., 2 Ã ν L ð 55 MnÞ ¼ 26.2 MHz at 1,200 mT] is expected. Each of these peaks will be further split into sextets because of the nuclear quadrupole interaction (NQI). Although these individual transitions are unlikely to be resolved, they will manifest as an m S -dependent broadening of each ENDOR line (27) . To model this behavior in our simulations, NQI parameters P jj and η were respectively set to 2.5 MHz and 0.2, intermediate of values found for Mn IV centers in other exchange-coupled clusters (14, 28) . To further simplify the analysis of the ENDOR spectrum, the isosceles triangle model (above) was applied. Two classes of hyperfine-coupled Mn centers were considered, and the best fit of all the field-dependent ENDOR data yielded the following set of effective hyperfine parameters: for the two equivalent Mn nuclei, A 2;3 ¼ ½61;61;63 MHz and A 1 ¼ ½61;61;57 6 . Continuous wave EPR spectra at the X band (9.3752 GHz) and Q band (34.1877 GHz; derivative) of complex 1. All spectra were acquired at 5 K. Simulations (dashed line) of data generated by using the following parameters: spin S ¼ 9∕2; g ¼ 1.975; zero-field splitting jDj ¼ 0.068 cm −1 , E ¼ 0.0052 cm −1 ; linewidth 16 mT.
MHz for the unique Mn center (numbering scheme the same as that in Fig. 1) .
Because the total effective spin (S T ¼ 9∕2) of 1 is different from that of the isolated ions (S of Mn IV is 3∕2), the observed HFI must be scaled by an appropriate projection factor. With J ≫ D (i.e., strong exchange coupling limit), the projection factors for each Mn IV ion are simply 1∕3 (28). As a result, the magnitude of the site-specific HFI are a 2;3 ¼ ½183;183;189 MHz and a 1 ¼ ½183;183;171 MHz. These Mn IV hyperfine values-in particular, the low value of the hyperfine anisotropy-compare well to those of other Mn IV -containing synthetic and biological systems (SI Appendix, Table S4 ), such as the S 2 state of the OEC (29) . The slightly smaller values for the isotropic part of the hyperfine could be due to spin-polarization effects (30) and strong covalent bonding with the carboxylates that complete the coordination sphere of the Mn IV ions. This covalency would draw spin density away from the Mn ions, leading to reduced metal hyperfine interactions.
Conclusions
Inspired by recent X-ray crystal structures of PSII showing the OEC to be composed of a [Mn 4 CaO x ] cluster primarily ligated to protein carboxylate groups, we have synthesized complex 1, an asymmetric [Mn 3 CaO 4 ] carboxylate cubane with an additional Ca ion attached in place of the fourth, external Mn ion. The simple ligand sphere composed of carboxylate groups shows that this low-nuclearity, high-valent, heterometallic cubane unit does not owe its existence and stabilization within PSII to the environmental effects and restrictions of a polypeptide tertiary structure. In addition, the structural asymmetry of 1 leads to interatomic distances that are very similar to those determined for the OEC by EXAFS spectroscopy, and in general the XANES and EXAFS data have demonstrated a high degree of structural similarity between 1 and the OEC. These comparisons establish 1 as a close structural model of the overall topology of the OEC. Of course, the extent to which the Mn 3 CaO 4 cubane core of the OEC is more greatly distorted by its polypeptide environment is still an open question. Furthermore, neutral pivalic acid groups attached to the cubane and external Ca atoms are intriguingly reminiscent of the terminal solvent-derived ligands attached to the cubane Ca and external Mn atom seen in the recent 1.9-Å structure of the OEC (11) .
The above points make 1 distinctly different from the recently reported [Mn 3 CaO 4 ðO 2 CMeÞ 3 L] (2) complex (16) , where L is an O 3 , N 3 hexadentate platform group providing pyridyl and alkoxo ligands to each of the three Mn IV ions. Complex 2 contains a [Mn 3 CaO 4 ] cubane without an external metal ion, and as a result it closely approaches threefold symmetry with Mn⋯Mn and Ca⋯Mn distances in the 2.8301(7)-2.8385(7) and 3.2245(9)-3.2376(9) Å ranges, respectively. The presence of the diamagnetic external Ca in 1 is thus advantageous in providing the low symmetry structure analogous to the OEC and also allowing the intrinsic magnetic properties of the distorted cubane to be characterized in the absence of a complicating external paramagnetic ion. This simplification is of critical importance to our efforts to disentangle the magnetic interactions within the OEC that give rise to rich magnetic resonance behavior. The magnetic study of 1 reveals an S T ¼ 9∕2 ground state from strong ferromagnetic exchange interactions (J ≈ 40 cm −1 ) that are rare in the inorganic literature but are assignable in the present case to the acute Mn-O-Mn angles characteristic of a cubane structure. This finding supports similarly strong ferromagnetic Mn IV Mn IV coupling (J ≈ 30 cm −1 ) recently invoked to explain the 55 Mn ENDOR spectra of the OEC in the S 2 state (30). In addition, Fig. 5 shows that small changes to the relative magnitude of J and J 0 , as could arise from small structural perturbations and/or differing protonation levels of one or more bridging O atoms, can readily yield a different ground state, which could be useful to probe additional S states of the Kok cycle. For example, it is well known there are two EPR signals associated with the OEC in PSII when poised in the S 2 (Mn III Mn IV 3 ) state (31): the "multiline signal" that is associated with an S ¼ 1∕2 ground state and the less wellunderstood g ¼ 4.1 signal that corresponds to an S ¼ 5∕2 ground state (32) . One possible spin configuration that could give rise to an S ¼ 5∕2 state is the antiferromagnetic coupling between the [Mn IV 3 CaO 4 ] (S ¼ 9∕2) cubane and an external Mn III (S ¼ 2) yielding an S ¼ 5∕2 cluster. In addition, recent EPR studies suggest an S ¼ 3 ground state for the S 3 state of the OEC (33), which could arise from the [Mn IV 3 CaO 4 ] cubane antiferromagnetically coupled to an external Mn IV (S ¼ 3∕2). Also, because Mn-centered oxidation is purported not to occur during the S 3 to S 4 transition (34), further study of 1 and its analogs may provide insights into the structure of this elusive PSII intermediate. Thus, complex 1 approaches both the geometric and electronic structure of the OEC and provides a foundation for ongoing efforts to extend this work to additional relevant models of the OEC. We are currently exploring ligand variation in 1 to impose structural perturbations that might also alter the ground state by altering the J∕J 0 ratio, the replacement of the external Ca with Mn, and assessing reactivity as a basis for developing biomimetic water oxidation activity (35) (36) (37) (38) (39) . The attainment of 1 is an important breakthrough that provides a valuable foundation for future work in various directions and should permit a deeper level of insights into the nature and mode of action of this crucial biological site.
Materials and Methods
Synthesis of Complex 1. All manipulations were carried out under aerobic conditions by using chemicals as received, unless otherwise stated. NBu n 4 MnO 4 was prepared as described elsewhere (40) . Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the 400-4;000 cm −1 range. Elemental analysis (C, H, and N) was performed by the in-house facilities of the University of Florida, Chemistry Department. Other Spectroscopic Characterizations. The X-band and Q-band EPR data were collected at the CalEPR center at the University of California at Davis. Ca X-ray absorption spectra were measured at beamlines 10.3.2 at the Advanced Light Source, Berkeley, and 4-3 of the Stanford Synchrotron Radiation Lightsource (SSRL). Mn X-ray absorption spectra were collected at the SSRL beamline 7-3 (see SI Appendix, Materials and Methods for more details on the experimental setup and simulations). 
